Lateral inhibition is a common feature of cortical networks, serving such functions as contrast enhancement. In the olfactory bulb, inhibition is imbedded in the local connectivity at dendrodendritic synapses between mitral cells and interneurons. However, there is also evidence for excitatory interactions between mitral cells despite the lack of direct synaptic connections. This lateral excitation, although a less well recognized feature of the circuit, provides a potentially powerful mechanism to enhance coordinated activity. We examined lateral excitation in paired recordings between mitral cells projecting to the same glomerulus. Trains of action potentials in one mitral cell evoked autoexcitation in the stimulated cell and a prolonged depolarization in the second cell. This lateral excitation was absent in connexin36 Ϫ/Ϫ mice, which lack mitral-mitral cell gap junctions. However, spillover of dendritically released glutamate contributed to lateral excitation during concerted mitral cell excitation or by single-cell activity if glutamate uptake was blocked. Our results suggest that electrical coupling and spillover create a lateral excitatory network within the glomerulus, thus markedly amplifying the sensitivity of each glomerulus to incoming sensory input.
Introduction
Within neural networks, the activation of one neuron can lead to excitation of neighboring neurons by means other than conventional point-to-point synaptic transmission. This lateral excitation may include spillover of fast-acting transmitters, volume transmission of monoamines or neuromodulators, electrical coupling via gap junctions, or even direct electrical field effects within bundles of axons (Fuxe and Agnati, 1991; Jefferys, 1995; Kullmann, 2000; Bennett and Zukin, 2004) . Although this form of activity can degrade synaptic specificity, it can also coordinate or amplify activity within groups of cells (Engert and Bonhoeffer, 1997; Scanziani, 2000) . The importance of these mechanisms for a specific circuit varies. In the olfactory bulb, the mapping of olfactory receptor neurons (ORNs) onto specific glomeruli (Mombaerts et al., 1996) suggests that the network may be specialized to coordinate activity within glomerular units. In contrast to the lateral inhibition mediated by dendrodendritic synapses Isaacson and Strowbridge, 1998; Schoppa et al., 1998) , the mechanisms of lateral excitation are not well understood.
Sensory processing in the olfactory bulb involves both chemical and electrical components. Mitral cells, the principal neurons of the olfactory bulb, release glutamate from primary and secondary dendrites at dendrodendritic synapses (Shepherd and Greer, 1998) . Glutamate released from mitral cells not only excites postsynaptic targets, but also causes autoexcitation mediated by NMDA and AMPA autoreceptors along the "presynaptic" dendrite Aroniadou-Anderjaska et al., 1999; Isaacson, 1999; Salin et al., 2001; Schoppa and Westbrook, 2001) . Excitation between mitral cells, mediated by NMDA and AMPA receptors (Isaacson, 1999; Schoppa and Westbrook, 2001; Urban and Sakmann, 2002) , is thought to occur between mitral cells sharing the same dendritic glomerular projection (Schoppa and Westbrook, 2001; Urban and Sakmann 2002) . Because mitral cells lack direct synaptic contact with other mitral cells (Price and Powell, 1970; Pinching and Powell, 1971) , excitation of surrounding cells and dendrites has been attributed to glutamate spillover. At first glance, this is not surprising because glomeruli are highly compartmentalized (Chao et al., 1997; Kasowski et al., 1999) . Thus, glial ensheathed bundles of primary dendrites could provide a chemical compartment for glutamate pooling (Carlson et al., 2000; Schoppa and Westbrook, 2002) . However, gap junctions mediated by connexin36 (Cx36) also influence the electrical activity of mitral cells within a glomerulus (Schoppa and Westbrook, 2002; Christie et al., 2005) . In fact, the role of gap junctions in lateral excitation has been demonstrated nicely in the escape reflex of the crayfish (Herberholz et al., 2002; Antonsen et al., 2005) .
Using paired mitral cell recording, we examined the mechanism underlying lateral excitation in olfactory bulb slices from wild-type (WT) and Cx36 Ϫ/Ϫ mice. Electrical coupling between mitral cells played the predominant role conveying excitation between pairs of mitral cells. We were unable to detect intraglomerular spillover evoked by single mitral cell activity. In the absence of mitral-mitral cell gap junctions, spillover only occurred when glutamate uptake was blocked or during simultaneous activation of many mitral cells. Our results indicate that the electrical coupling and spillover enhances excitability within mitral cell circuits and serves to boost the gain of sensory signals.
Materials and Methods
Horizontal slices of the main olfactory bulb (250 -300 m) were prepared from WT and Cx36 Ϫ/Ϫ mice [C57BL/6; postnatal day 14 (P14) to P21] (Hormuzdi et al., 2001) . Mice, anesthetized with halothane, were decapitated and olfactory bulbs were removed. Slices were cut in ice-cold oxygenated solution containing the following (in mM): 83 NaCl, 26.2 NaCHO 3 , 2.5 KCl, 1 NaH 2 PO 4 , 3.3 MgCl 2 , 0.5 CaCl 2 , 22 glucose, and 72 sucrose, pH 7.3. Slices were transferred to a warmed bath (35°C) for 30 min then incubated at room temperature until use.
Whole-cell recordings were obtained under visual control using differential interference contrast (DIC) optics (Carl Zeiss, Oberkochen, Germany) in a base solution (32-35°C) containing (in mM): 119 NaCl, 26.2 NaCHO 3 , 2.5 KCl, 1 NaH 2 PO 4 , 1.3 MgCl 2 , 2.5 CaCl 2 , and 22 glucose, pH 7.3. For some voltage-clamp experiments, MgCl 2 was omitted and TTX (0.5-1 m) was added. All experiments were performed in the presence of the GABA A antagonist SR 95531 hydrobromide 6-lmino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide; 2-5 M]. Patch pipettes (4 -6 M⍀) in current-clamp recordings contained (in mM): 125 K-gluconate, 2 MgCl 2 , 0.025 CaCl 2 , 1 EGTA, 2 NaATP, 0.5 NaGTP, and 10 HEPES, pH 7.3. For voltage-clamp recording, pipettes contained (in mM) 125 Cs-gluconate, 2 MgCl 2 , 0.025 CaCl 2 , 1 EGTA, 2 NaATP, 0.5 NaGTP, 10 HEPES, 10 4-aminopyridine, and 15 tetraethylammonium chloride, pH 7.3.
Electrophysiological recordings were made with Axopatch 200A and 200B amplifiers (Molecular Devices, Union City, CA). Analog signals were filtered at 2 kHz with the eight-pole Bessel filters of the amplifiers and digitized at 10 kHz. In some cases, a 10-point sliding boxcar filter was applied to small amplitude currents (see Figs. 4, 5) . Data were acquired and analyzed using Axograph 4.6 (Molecular Devices). In current-clamp experiments, mitral cells were often held at hyperpolarized potentials compared with rest (approximately Ϫ60 mV) to prevent random spiking. Unless indicated otherwise, cells were held at Ϫ60 mV during voltage-clamp experiments.
Some mitral cells were excited via antidromic stimulation of the lateral olfactory tract, the tight bundle of mitral cell axons exiting the olfactory bulb. The lateral olfactory tract (LOT) was easily identified with DIC optics. The LOT was preserved in slices by positioning the dissected olfactory bulb and proximal portion of cortex (Ϸ5 mm) in horizontal register with the basal part of the brain (Aroniadou-Anderjaska et al., 1999) . For stimulation, a bipolar electrode was positioned on the surface of the LOT, 75-150 m from the test mitral cell. Brief stimulating pulses (100 s, 10 -100 V, 0.05 Hz) were triggered by a stimulation isolation unit (Digitimer, Hertfordshire, UK). For olfactory nerve stimulation, a bipolar electrode was placed on the surface of visually identified bundles of afferents near the presumed glomerulus to which the test mitral cell(s) projected. Brief pulses (100 s, 10 -100 V, 0.05 Hz) were used to evoke mitral cell responses.
Because the full extent of primary dendrites and their glomerular tufts could not be determined by DIC optics, we used several methods to determine the glomerular projection of mitral cells. Cells projecting to the same glomerulus could be confirmed in WT mice by the presence of direct electrical coupling (Schoppa and Westbrook, 2002; Christie et al., 2005) . Mitral cells projecting to the same glomerulus in Cx36 Ϫ/Ϫ mice were indicated by highly correlated depolarizations induced by DL-threo-␤-venzyloxyaspartic acid (TBOA) (Christie et al., 2005) . Some mitral cell pairs (WT and Cx36 Ϫ/Ϫ ) were filled with fluorescent indicators, allowing the direct visual confirmation of dendritic glomerular projection (see below).
The coupling coefficient (CC) of mitral cell pairs in WT mice was determined as described previously (Schoppa and Westbrook, 2002; Christie et al., 2005) . Briefly, hyperpolarizing current injections (100 -500 pA, 500 ms) elicited large voltage deflections (15-30 mV) in the stimulated cell. If the adjacent test cell projected to the same glomerulus, small voltage deflections were also recorded reflecting electrical coupling. CC equals the size of the voltage deflection in the test cell divided by the deflection in the stimulated cell.
For morphological characterization of mitral cell pairs, we filled cells with biocytin (0.1%) or Lucifer yellow (0.1%; KCl for K ϩ patch solutions; LiCl for Cs ϩ patch solutions). Slices were fixed in 4% formaldehyde/PBS (72 mM NaH 2 PO 4 and 28 mM Na 2 HPO 4 , pH 7.2) overnight. Slices were then permeabilized (0.4% Triton X-100) and labeled in PBS. For biocytin fills, cyanine-5-conjugated strepavidin (1:2000; Jackson ImmunoResearch, West Grove, PA) was added (12 h at 4°C) in PBS/ Triton X-100. Slices were washed in Triton-free PBS (three times; 10 min) and then blocked with 5% goat serum and 0.4% Triton X-100 (30 min). For Lucifer yellow fills, anti-Lucifer yellow IgG (1:1000; Invitrogen, San Diego, CA) was added (12 h at 4°C). Slices were washed in PBS (three times; 10 min) and labeled with a secondary antibody (goat anti-rabbit Alexa 488; 1:500; Invitrogen). After washing in PBS (three times; 10 min), propidium iodide (1:2000; Invitrogen) was used as a nuclear counter stain. Slices were mounted on slides with ProLong Antifade (Invitrogen) and imaged on a confocal microscope (Olympus, Melville, NY) equipped with a 20ϫ objective. For measurement of putative contact points (see Fig. 3 ), investigators (blinded to the genotype) analyzed z-stack images of glomerular tufts (100ϫ magnification). A contact point was defined as dendrite crossings or areas where the labels were contiguous.
For all experiments, Student's t tests (two-tailed) were used for pair comparisons, and ANOVA was used for multiple comparisons, as appropriate. Significance was set at 0.05 for t tests. Results are reported as mean Ϯ SEM.
Results

Lateral excitation of adjacent mitral cells
We used short trains of action potentials (120 -360 Hz) elicited by current injection (500 -1750 pA, 50 ms) to evoke glutamate release from mitral cells. In the stimulated cell, a depolarizing afterpotential followed the spike train ( Fig. 1 A 1 , top, M A ) and was sensitive to glutamate receptor antagonists, consistent with glutamatergic autoexcitation AroniadouAnderjaska et al., 1999; Isaacson, 1999; Friedman and Strowbridge, 2000; Salin et al., 2001; Schoppa and Westbrook, 2001 ). The autoexcitatory potential was difficult to quantify, because the current injection also evoked a prominent afterhyperpolarization. In paired recording of mitral cells projecting to the same glomerulus, the action potential train in the stimulated cell also depolarized the unstimulated cell ( Fig. 1 A 1 , bottom, M B ). This lateral excitation was a few millivolts in amplitude (integral, 0.314 Ϯ 0.047 mV⅐s) and lasted for hundreds of milliseconds [half width (w 1/2 ), 99.8 Ϯ 8.4 ms; n ϭ 16]. Block of lateral excitation with D,L-AP-5 or 2,3-dihydroxy-6-nitro-7-sulfonylbenzo[f]quinoxaline (NBQX) revealed both NMDA and AMPA receptor-mediated components ( Fig. 1 A 1 ,A 2 ). AP-5 (100 M) reduced lateral excitation (62.4 Ϯ 6.1% of control; n ϭ 8), whereas NBQX (20 M) nearly eliminated the potential (22.4 Ϯ 6.5% of control in the presence of AP-5, n ϭ 4; 30.7 Ϯ 8.0% of control in the absence of AP-5, n ϭ 9; p ϭ 0.53) ( Fig. 1 A 1 ) . Thus, the NMDA receptor component required the coactivation of AMPA receptors. Because mitral cells that project to the same glomerulus are electrically coupled (Schoppa and Westbrook, 2002; Christie et al., 2005) , the small potential that persisted in the presence of NBQX most likely reflects electrical coupling of the depolarizing current injection from the stimulated cell. Consistent with this possibility, depolarization of the stimulating cell in NBQX, evoked from a hyperpolarized potential to prevent action potential firing, did not alter the size of the response in the test cell (action potential train, 0.074 Ϯ 0.18 mV⅐s; subthreshold stimulation, 0.081 Ϯ 0.018 mV⅐s; n ϭ 5; p ϭ 0.78).
Paired recordings from mitral cells that projected to different glomeruli failed to generate depolarizations in test cells (integral, 0.010 Ϯ 0.005 mV⅐s; n ϭ 10) ( Fig. 1 B) , indicating that lateral excitation originated in the glomerulus. Responses between cells within a glomerulus have been attributed to glutamate spillover between closely apposed dendrites (Schoppa and Westbrook, 2001; Urban and Sakmann, 2002) . Alternatively, electrical coupling of the autoexcitatory potential (Schoppa and Westbrook, 2002) may also contribute. Spillover should entail some delay attributable to diffusion of glutamate. However, lateral excitation actually peaked slightly ahead of the peak of the autoexcitatory potential in the stimulated cell (9.3 Ϯ 6.2 ms; n ϭ 8) ( Fig. 1 A 3 ). The size of lateral excitation also correlated with the coupling coefficient (Fig. 1C) , suggesting that there was a relationship between electrical coupling and the depolarization in the test cell.
To examine the role of gap junctions in lateral excitation, we used Cx36 Ϫ/Ϫ mice that lack electrical coupling between mitral cells within a glomerulus (Christie et al., 2005) . In Cx36 Ϫ/Ϫ mice, action potential trains in a mitral cell evoked an autoexcitatory potential in the stimulated cell, similar to WT mice. However, the stimulation failed to evoke lateral excitation even in mitral cells that projected to the same glomerulus (0.009 Ϯ 0.004 mV⅐s; n ϭ 8) (Fig. 2 A) . Thus, action potential trains are not sufficient to generate spillover responses between mitral cell pairs in the absence of gap junctions.
Unmasking lateral excitation in Cx36
؊/؊ mice Block of glutamate transporters can enhance spillover in many neuronal circuits (Scanziani et al., 1997; Diamond, 2001; ArnthJensen et al., 2002; Clark and Cull-Candy, 2002 ). Therefore, we tested the effect of the specific glutamate transporter blocker TBOA in Cx36 Ϫ/Ϫ mice. For mitral cells projecting to the same glomerulus, action potential trains in the presence of TBOA (50 M) evoked a depolarization in seven of eight test cells (0.362 Ϯ 0.108 mV⅐s; n ϭ 7) (Fig. 2 A, C) . In addition, the peak of the depolarization in the test cell was now delayed compared with the peak of the autoexcitatory potential (56.6 Ϯ 7.9 ms; n ϭ 5) (Fig. 2 B, top) , as might be expected for intraglomerular diffusion of glutamate. TBOA did not reveal lateral excitation in mitral cell pairs projecting to different glomeruli (Ϫ0.015 Ϯ 0.025 mV⅐s; n ϭ 5) (Fig.  2C) , consistent with the idea that glomeruli function as separate units (Schoppa and Urban, 2003) .
Glutamate spillover responses are typically mediated by NMDA receptors, presumably because of their high affinity for glutamate and/or their location (Barbour and Häusser, 1997) . However, NBQX (20 M), but not AP-5 (100 M), blocked lateral excitation in Cx36 Ϫ/Ϫ mice ( Fig. 2 B , bottom, D) . This differed from WT mice, in which the lateral excitation was partially blocked by AP-5. These results suggest that, in the absence of gap junctions, spillover occurs when uptake is diminished or overwhelmed.
To exclude the possibility that the lack of lateral excitation in Cx36 Ϫ/Ϫ was caused by changes in the apposition of dendrites in the glomerulus, we compared the morphology of mitral cell dendrites in WT and Cx36 Ϫ/Ϫ mice. We labeled pairs of mitral cells projecting to the same glomerulus with either biocytin or Lucifer yellow. As reported previously (Christie et al., 2005) , mitral cells from both WT and Cx36 Ϫ/Ϫ mice had several secondary dendrites as well as single primary dendrites ending in glomerular tufts (Fig. 3 A, C) . Extensive overlapping of dendritic tufts was apparent in both lines (Fig. 3 B, D) , and analysis of confocal z-stacks (see Materials and Methods) did not reveal differences in the number of putative contacts (Fig. 3E) . The number of putative contacts correlated with the coupling coefficient for mitral cell pairs in WT mice (Fig. 3F ) , suggesting that the analysis of the images provided a reasonable estimate of the interactions between dendrites.
NMDA receptor-mediated spillover
Our results thus far indicate that lateral excitation of mitral cells only occurs between mitral cells projecting to the same glomerulus and is mediated in part by AMPA receptors. This contrasts with a spillover current mediated by NMDA receptors, as reported by Isaacson (1999) . In that study, conditions favoring NMDA receptor activation evoked NMDA receptor-mediated currents in approximately one-half of nearby mitral cells. Although the glomerular targets of these cells were not determined, the frequency of such responses was much higher than one expects for finding cell pairs at random that project to the same glomerulus (ϳ10% in our experiments). Thus, we examined lateral excitation under the conditions used by Isaacson (1999) . Cells were voltage clamped at Ϫ60 mV in Mg ϩ2 -free solution containing TTX (1 m). Voltage steps (ϩ10 mV, 35 ms) were used to excite mitral cells and evoke glutamate release. As expected, direct mitral cell depolarization in WT mice elicited autoexcitatory currents that were sensitive to AP-5 (100 M) (Fig. 4 A 1 , top) (Isaacson, 1999; Friedman and Strowbridge, 2000) . Lateral excitatory currents were also elicited in all cell pairs projecting to the same glomerulus (n ϭ 11) (Fig. 4 A 1 , middle) . Currents evoked between cells projecting to the same glomerulus were substantially larger (79.3 Ϯ 23.6 pA; n ϭ 11) than those reported previously for random cell pairs by Isaacson (1999) (approximate range, 0 -10 pA). Lateral excitation under these conditions was strongly inhibited by AP-5 (17.7 Ϯ 2.4% of control; n ϭ 9). However, changes in the holding potential of test cells, and thereby the electrochemical gradient for NMDA receptor channels, had no effect on amplitude of the lateral excitatory current (Fig. 4 A 1 , bottom, A 2 ). This voltage independence suggests that the response in the test cell may involve electrical coupling. As for lateral excitation evoked by action potential trains, the size of lateral excitation evoked under these conditions was also tightly correlated with the coupling coefficient (r ϭ 0.93; p Ͻ 0.001; n ϭ 16).
In Cx36 Ϫ/Ϫ mice, direct mitral cell depolarization elicited NMDA receptor-mediated autoexcitatory currents (Fig. 4 B, top) that were slightly smaller than in WT mice (Fig. 4C, left) . However, lateral excitation in Cx36 Ϫ/Ϫ mice was virtually absent in mitral cell pairs projecting to the same glomerulus (n ϭ 7) (Fig.  4 B, C) . There was no detectable lateral excitatory current in four cells, whereas three other cells had extremely small currents (3.8 Ϯ 1.2 pA; n ϭ 3), as shown in Figure 4 B (bottom and inset). These results indicate that electrical coupling dominates lateral excitation within the glomerulus and may obscure small spillover responses. There are reasons to consider sites where spillover Ϫ/Ϫ mice, we recorded from pairs of mitral cells that projected to the same glomerulus. A train of action potentials evoked an autoexcitatory potential in the stimulated cell (M A ). However, lateral excitation was absent in the test mitral cell (M B ). The glutamate transporter blocker TBOA (50 M) enhanced the autoexcitatory potential in the stimulated cell (inset) and revealed spillovermediated lateral excitation in the test cell. B, Top, The lateral excitatory potential in TBOA peaked after the autoexcitatory potential; inset, expanded view. Bottom, NBQX, but not AP-5, blocked lateral excitation. C, TBOA-induced spillover only occurred between mitral cells that projected to the same glomerulus. D, Pharmacological summary of lateral excitation. The electrically coupled potential in WT pairs was subtracted to reveal the antagonist sensitivity as shown in the AP-5 (corr.) and NBQX (corr.) bars. Error bars represent SEM. *p Յ 0.05, statistical significance. Glom., Glomerulus; Diff., different; corrected; NA, not applicable. (C) mouse. Propidium iodide was used to counter stain the cell body layers (blue). There were no apparent differences in mitral cell morphology. B, D, High-magnification (100ϫ objective), confocal z-stack images of mitral cell dendritic tufts from A and C. Both pairs had highly intercalated processes and extensive areas of overlap (yellow). Scale bars: 40, 7, 50, and 7 m in A-D, respectively. E, The number of putative contacts, defined by close membrane apposition or direct overlap, was not significantly different in WT and knock-out mice. Error bars represent SEM. F, The number of putative contacts was correlated with the CC recorded for each WT cell pair ( p ϭ 0.007). Glom., Glomeruli; MCL, mitral cell layer; GCL, granule cell layer. might occur other than the glomerulus. For example, glutamate release occurs at dendrodendritic synapses along secondary dendrites (Shepherd and Greer, 1998) . As illustrated for a cell pair projecting to different glomeruli (Fig. 5A 1 ) , secondary dendrites can be closely apposed. Thus, we also looked for evidence of spillover between pairs of mitral cells projecting to different glomeruli in WT mice. In four of eight cell pairs, small-amplitude (4.0 Ϯ 0.9 pA; n ϭ 4) lateral excitatory currents were recorded in test mitral cells (Fig. 5A 2 ,A 3 ) .
Block of glutamate uptake with TBOA (50 M) increased current amplitudes and unmasked currents in Cx36 Ϫ/Ϫ pairs projecting to the same glomerulus and in WT pairs projecting to different glomeruli (Fig. 5A 2 ,A 3 ,B 1 ,B 2 ,C) . These TBOA-enhanced currents were similar in amplitude (8.7 Ϯ 1.9 pA; n ϭ 7) to the NMDA receptor-mediated spillover currents reported by Isaacson (1999) and were also blocked by AP-5 (Fig. 5A 3 ,B 2 ,C) . Thus, conditions favoring NMDA receptor activation can lead to small currents caused by spillover, most likely from secondary dendrites in the external plexiform layer. Using the voltage-step protocol, we did not detect an AMPA component in Cx36 Ϫ/Ϫ pairs, perhaps because space clamp was insufficient to depolarize distal dendritic compartments.
Glutamate spillover evoked by LOT stimulation
In the absence of electrical coupling, activation of single mitral cells produced little or no lateral excitation unless glutamate transporters were blocked with TBOA. However, mitral cells often respond to stimuli as synchronous ensembles (Carlson et al., 2000; Schoppa and Westbrook, 2001; Christie et al., 2005) . This raises the possibility that glutamate release from multiple cells could overcome transporter buffering of glutamate and excite neighboring cells as reported in hippocampus (Arnth-Jensen et al., 2002) . To test this possibility, we simultaneously activated a population of mitral cells by stimulating the LOT with a bipolar electrode (100 s, 10 -100 V). In current-clamp recording, this stimulation evokes action potentials in mitral cell axons that backpropagate into primary and secondary dendrites, leading to glutamate release from dendrodendritic synapses. In WT mice, LOT stimulation evoked an antidromic action potential followed by a prolonged depolarization (11 of 15 cells; 6.36 Ϯ 1.89 mV⅐s; n ϭ 11) (Fig. 6 A 1 , left) (Aroniadou-Anderjaska et al., 1999), presumably reflecting contributions from both the glomerular and external plexiform layers. This depolarization required activity within the population of stimulated cells, because single action potentials evoked by brief current injection (700 -1250 pA, 3-5 ms) in the test mitral cell failed to evoke such a response (0.05 Ϯ 0.04 mV⅐s; n ϭ 11) (Fig. 6 A 1 , right) . AP-5 reduced the depolarization (24.0 Ϯ 8.6% of control; n ϭ 9) (Fig. 6 A 2 , left) , whereas NBQX, after washout of AP-5, completely blocked the response (4.6 Ϯ 3.5% of control; n ϭ 9) (Fig. 6 A 2 , right) , indicating that NMDA receptor activity requires the coactivation of AMPA receptors.
In Cx36 Ϫ/Ϫ mice, LOT stimulation was much less effective in evoking a prolonged depolarization, although small, short duration responses were present in 5 of 13 mitral cells (0.54 Ϯ 0.15 mV⅐s; n ϭ 5). These depolarizations were blocked with AP-5 and NBQX (7.8 Ϯ 2.7% of control integral; n ϭ 4) (Fig. 6 B, left) . Similar to WT mitral cells, single action potentials in Cx36 Ϫ/Ϫ mitral cells were not sufficient to generate similar depolarizations (Fig. 6 B, right) . Because there are no direct connections between mitral cells in Cx36 Ϫ/Ϫ mice, these small depolarizations reflect glutamate spillover. The reduction in the size of the depolarization in Cx36 Ϫ/Ϫ mice compared with WT ( p ϭ 0.01) suggests that electrical coupling greatly amplifies excitability within the olfactory bulb.
ORN-evoked activity in mitral cell ensembles
Stimulation of olfactory nerve afferents can produce synchronized oscillations in all mitral cells that project to the same glomerulus, suggesting that mechanisms within the glomerulus enhance and coordinate activity (Carlson et al., 2000; Schoppa et al., 2001) . Although electrical coupling plays an essential role in the generation of lateral excitation within the glomerular layer, spillover can contribute to the synchronized activity of mitral cells (Schoppa and Westbrook, 2001 ). The results presented here indicate that spillover is most apparent after block of glutamate uptake or antidromic activation of ensembles of olfactory bulb neurons. To address whether electrical coupling and spillover . Both the autoexcitatory and lateral excitatory currents were blocked by AP-5. Bottom, The amplitude of lateral excitation was the same at holding potentials (V h ) of Ϫ60 or 0 mV in the test mitral cell. A 2 , The current-voltage relationship of the lateral excitatory current was insensitive to V h . Lateral excitatory currents measured at different holding potentials were normalized within each cell to the current at Ϫ60 mV. B, Although a robust autoexcitatory current was generated in a Cx36
Ϫ/Ϫ mitral cell, lateral excitation in the test cell was extremely small; inset, expanded trace. C, Left, Summary graph shows that autoexcitatory currents were evoked in both WT and Cx36 Ϫ/Ϫ mitral cells. Right, However, lateral excitation evoked between mitral cells projecting to the same glomerulus in WT mice was much larger than in Cx36 Ϫ/Ϫ mice. Note scaling on y-axis. Error bars represent SEM. * p Յ 0.05, statistical significance. Glom., Glomerulus; Stim., stimulation; autoexci., autoexcitatory; exci., excitatory.
play distinct or complementary roles, we examined the response of mitral cell pairs to stimulation of the olfactory nerve layer.
In WT mice, bipolar stimulation (100 s, 10 -100 V) of the olfactory nerve layer evoked a complex series of oscillations superimposed on a persistent depolarization (seven of nine mitral cells) (Fig. 7A 1 ) . In paired recordings of mitral cells projecting the same glomerulus, the oscillations were highly correlated (C 0 Ն 0.75; n ϭ 6) ( Fig.  7A 2 ,A 3 ) . In contrast, ORN stimulation failed to evoke oscillations in Cx36 Ϫ/Ϫ mice (n ϭ 5) (Fig. 7B 1 ) . However, oscillations could be evoked by ORN stimulation during glutamate uptake block (TBOA; 50 M) (Fig. 7B 1 ) . As in the WT cell pairs, the TBOA-induced oscillations were highly synchronized (C 0 Ն 0.75; n ϭ 4) (Fig.  7B 2 ,B 3 ). These results suggest that the electrical coupling is necessary for the coordinated activity within the glomerular layer, but enhancing glutamate spillover can generate similar activity patterns.
Discussion
Glutamate neurotransmission was once considered as exclusively point-to-point signaling requiring the close dimensions between sites of release and the postsynaptic receptors. However, transmitter spillover and electrical coupling can coordinate and boost activity within groups of principal cells. Our results indicate that incoming sensory signals to olfactory bulb glomeruli are distributed within a lateral excitatory network, driven by electrical coupling and to a lesser extent glutamate spillover. This functional specialization provides the basis for amplification of odorant-specific sensory input with the glomerular layer.
The significance of glutamate spillover
Spillover is now well established at central synapses, wherein transmitter can escape the synaptic cleft and activate receptors on neighboring cells. Whether a transmitter activates distant receptors depends on tissue geometry, as well as the kinetics and location of receptors and transporters (Barbour and Häusser, 1997) . In the Schaffer collateral-CA1 pathway, spillover preferentially activates synaptic or extrasynaptic NMDA receptors because of their localization and/or high affinity for glutamate and is increased by uptake block (Diamond, 2001; Arnth-Jensen et al., 2002) . In contrast, the specialized morphology of some synapses is more conducive to glutamate spillover, such as the calyceal synapses in the brainstem and synapses in cerebellar glomeruli (Silver et al., 1996; Kinney et al., 1997; Overstreet et al., 1999; DiGregorio et al., 2002) . At these synapses, closely clustered release sites and a constrained extrasynaptic space promote transmitter accumulation and pooling as well as spillover. Interestingly, these spillovermediated responses also include a component mediated by AMPA receptors.
Mitral cells in the olfactory bulb present a number of complexities in assessing the role of glutamate spillover. Glutamate release occurs at primary dendritic tufts within the glomerulus, as well as at dendrodendritic synapses along extensive secondary dendrites (Shepherd and Greer, 1998) . Release of glutamate from mitral cells not only excites the postsynaptic receptors on interneurons but also AMPA and NMDA autoreceptors adjacent to the dendritic release site, itself a form of spillover Isaacson, 1999; Friedman and Strowbridge, 2000; Salin et al., 2001; Westbrook, 2001, 2002) . As shown previously and in our experiments, glutamate release also leads to depolarization of neighboring mitral cells, mediated either by NMDA receptors (Isaacson, 1999; Schoppa and Westbrook, 2001) or AMPA and NMDA receptors (Urban and Sakmann, 2002) . Because there are no direct synaptic connections between mitral cells (Price and Powell, 1970; Pinching and Powell, 1971) , this lateral excitation has been attributed to spillover. However, our results indicate that lateral excitation is not simply spillover, but rather involves electrical coupling between mitral cells within a glomerulus.
Cooperative action of electrical coupling and spillover
In the rodent, each glomerulus contains the dendritic tufts of 20 -25 mitral cells (Shepherd and Greer, 1998) . These closely apposed processes are electrically coupled via Cx36-mediated gap junctions (Schoppa and Westbrook, 2002; Christie et al., 2005) . Electrical coupling is prominent in the juvenile animals used in our experiments but is also present in adult mice at P42-P44 Ϫ/Ϫ autoexcitation (133.5 Ϯ 9.1% of control; n ϭ 11). A 3 , Bottom, Lateral excitation was blocked by AP-5. B 1 , B 2 , In a Cx36 Ϫ/Ϫ mouse, mitral cell stimulation did not evoke lateral excitation in a test cell projecting to the same glomerulus. Uptake block revealed a lateral excitatory current that was blocked by AP-5. C, Summary data show a comparison of paired recordings from WT mitral cells that projected to different glomeruli and Cx36 Ϫ/Ϫ mitral cells that projected to the same the glomerulus. TBOA enhanced or uncovered similarly sized currents that were NMDA receptor mediated. Diff., Different; Stim., stimulation; Excit., excitation. (Christie et al., 2005) . These previous studies demonstrated that the autoexcitatory depolarization is propagated across gap junctions between mitral cells. Our results indicate that electrical coupling between mitral cells is necessary for lateral excitation, which is also glomerulus specific. In previous studies of Cx36 Ϫ/Ϫ mice (Christie et al., 2005) , single action potentials in a mitral cell did not depolarize adjacent mitral cells. As reported here, stronger stimulation by action potential trains did not overcome the requirement for electrical coupling in lateral excitation. Lateral excitation evoked by action potential trains depended on the expression of Cx36-mediated gap junctions and electrical coupling of AMPA and NMDA autoreceptor responses; however, spillover was not apparent. Specifically, there was no evidence of AMPA or NMDA receptor-mediated spillover in physiological concentrations of Mg 2ϩ . Spillover-generated excitation in mitral cell pairs occurred only during glutamate uptake block and between cells that projected their primary dendrites to the same glomerulus. This result implies that transporters tightly regulate spillover between primary dendrites, as observed at more conventional synapses (Bergles and Jahr, 1998) . However, glutamate spillover can also occur during synchronized mitral cell activity, a behavior common to mitral cells that project to the same glomerulus (Carlson et al., 2000; Westbrook, 2001, 2002; Christie et al., 2005) . In our experiments, mitral cell excitation elicited by LOT stimulation evoked mitral cell spillover responses in WT and Cx36 Ϫ/Ϫ mice. In addition, recordings from periglomerular cells during synchronized mitral cell activity indicate that glutamate accumulation and spillover occur in the glomerulus (Schoppa and Westbrook, 2001) . Therefore, the number of mitral cells participating in an ensemble response likely determines whether spillover occurs.
More generally, our observations indicate that electrical coupling and spillover may work cooperatively to promote lateral excitation within groups of mitral cells. Synchronized activity mediated by electrical coupling (Schoppa and Westbrook, 2002; Christie et al., 2005) certainly increases coincident glutamate release from multiple mitral cells, thus enhancing the likelihood of Ϫ/Ϫ mice in the absence of uptake block. A 1 , Left, Antidromic stimulation of mitral cell axons via the LOT evoked an action potential followed by a long-lasting depolarization in a mitral cell from a WT mouse; inset, full view. Right, An action potential (AP) elicited by a brief current injection in the same mitral failed to evoke a depolarization. A 2 , The LOT-evoked potential was reduced by AP-5 and abolished by NBQX. B, Left, LOT stimulation in a mitral cell from a Cx36 Ϫ/Ϫ mouse evoked a much smaller afterdepolarization that was sensitive to AP-5 and NBQX. Right, A single action potential elicited by current injection in the test mitral cell failed to evoke a post-action-potential depolarization. Action potentials have been truncated in all traces. stim., Stimulation; Wash, washout. Ϫ/Ϫ mice. A 1 , Orthodromic stimulation of ORN afferents evoked a series of oscillating depolarizations in a WT mitral cell. A 2 , A 3 , The oscillations were synchronized in mitral cells that projected to the same glomerulus, as indicated by the prominent peak in the cross-correlogram as shown for this example (C 0 is the peak at ⌬t ϭ 0). B 1 , In a mitral cell from a Cx36 Ϫ/Ϫ mouse, ORN stimulation failed to evoke oscillating depolarizations. However, oscillations were uncovered after block of glutamate uptake with TBOA. B 2 , B 3 , The TBOA-induced oscillations were synchronized in mitral cells that projected to the same glomerulus. Stim., Stimulation; Glom., glomerulus.
